Background/Aims: Polyphyllin I (PPI), one of the steroidal saponins in Paris polyphylla, reportedly exhibits antitumor effects. However, the detailed mechanism underlying PPI, particularly in enhancing the effect of the androgen receptor inhibitor enzalutamide in controlling castration-resistant prostate cancer (CRPC) has not been explored. Methods: Cell viability and cell cycle distribution were measured using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) and flow cytometry assays, respectively. Long noncoding RNA (lncRNA) HOX transcript antisense RNA (HOTAIR) expression was measured by quantitative real time-PCR (qRT-PCR). Western blot analysis was performed to determine the protein expression levels of MUC1, p65, and p50. Silencing of HOTAIR was evaluated using the siRNA procedure. The promoter activity of the MUC1 gene was determined using SecretePair Dual Luminescence Assay Kit. Exogenous expression of HOTAIR, p65, and MUC1 was conducted by transient transfection assay. A xenograft tumor model in nude mice was used to further evaluate the effect of the combination of PPI and enzalutamide in vivo. Results: We showed that PPI significantly inhibited growth and induced cell cycle arrest in CRPC cells. PPI also decreased p65 and MUC1 protein expression and reduced HOTAIR expression. Exogenously expressed p65 resisted the PPI-inhibited expression of HOTAIR, whereas silenced HOTAIR reduced MUC1 protein but exerted no effect on the expression of p65 and p50 proteins. Conversely, exogenously expressed HOTAIR resisted the PPI-inhibited MUC1 protein expression, and excessive expression of MUC1 antagonized the PPI-inhibited cell growth. 
Introduction
Prostate cancer is the most common cancer in men worldwide. With a wide array of clinical presentations and high prevalence, the identification and characterization of the malignancy have increasingly improved through risk stratification and advances in multiple management options [1, 2] . Androgen deprivation therapy (ADT) for advanced prostate cancer exerts superior anticancer effects; regardless, most cases of prostate cancer treated with ADT eventually recurs to develop into castration-resistant prostate cancer (CRPC) [3, 4] . Persistent androgen signaling is functionally significant in CRPC and is a validated therapeutic target. However, other pathways also contribute to castration resistance. With limited therapeutic strategies available, treatment of CPRC remains considerably difficult [5, 6] . New drugs that prolong overall survival in patients with metastatic CRPC have been approved in recent years. These drugs include enzalutamide, a nonsteroidal secondgeneration androgen receptor inhibitor with heightened binding specificity that has been shown to be an effective and well-tolerated therapeutic option in both post-docetaxel and chemotherapy-naïve settings [7] . This compound provides a substantial survival benefit; however, not all patients with CRPC respond to this treatment [8] . This challenge has led to the pursuit of new treatment modalities. Thus, the search for novel options to enhance therapeutic efficacy in patients with CPRC is strongly urged.
Polyphyllin I (PPI), an active component obtained from Rhizoma Paridis saponins, has been reported to exhibit various biological activities against many types of cancer [9] [10] [11] [12] . In one study, PPI inhibited tumor growth and induced apoptosis in human breast cancer cells, and these effects were enhanced by activating the PTEN-induced kinase 1 signaling pathway [11] . PPI also demonstrated anti-tumor activity on ovarian cancer in vivo via modulation of caspase-9, c-Jun, and secreted glycoprotein Wnt5a [13] . Moreover, PPI suppressed growth, induced apoptosis, and inhibited the invasion and migration of osteosarcoma cells by inactivating the Wnt/β-catenin pathway both in vitro and in vivo [14] . We previously showed that PPI inhibited the growth of human lung cancer cells via stress-activated protein kinase/c-Jun N-terminal kinase-mediated inhibition of the protein expression of the nuclear factor-kappaB (NF-κB) subunit p65 and DNA methyltransferase 1. This action reduced the enhancement of zeste homolog 2 gene expression in human lung cancer cells [15] . These results suggest the therapeutic potential of PPI in cancer. However, few studies have been conducted on the effects of PPI on prostate cancer, particularly CRPC. Thus, the underlying molecular mechanisms for targeting prostate cancer by PPI remain largely undetermined.
Long noncoding RNAs (lncRNAs) represent a novel class of noncoding RNAs that are longer than 200 nucleotides without protein-coding potential. Accumulating evidence has shown that lncRNAs are dysregulated and involved in various biological processes, such as proliferation, apoptosis, mobility, and invasion [16] [17] [18] [19] . Among these lncRNAs, lncRNA HOX transcript antisense intergenic RNA (HOTAIR) acts as an oncogene and is aberrantly expressed in multiple types of cancer. It has also been considered as a predictive factor for poor prognosis in various types of cancer, including prostate cancer [20, 21] . Another study showed that HOTAIR regulated multiple signaling and targets via distinct mechanisms, thereby promoting cancer growth and progression [19, 20] . In addition, HOTAIR has been shown to contribute to prostate cancer risk. A recent study demonstrated the association between HOTAIR polymorphisms (rs12826786, rs1899663, and rs4759314) and risk of prostate cancer in patients with prostate cancer, suggesting that HOTAIR is a risk locus for prostate cancer [22] . Thus, HOTAIR can be regarded as a potential independent prognostic biomarker and a potential therapeutic target for treatment of prostate cancer.
The NF-κB transcriptional pathway is involved in several fundamental biological processes, such as immunity, inflammation, angiogenesis, tumorigenesis, and cell proliferation/progression. NF-κB is activated by various extracellular signals and regulates the expression of different genes [23, 24] . Constitutive NF-κB activity was observed in a large number of human cancers and shown to play an important role in the process from inflammation to carcinogenesis; constitutive NF-κB activation is a targeted intervention in various malignancies, including prostate cancer [25, 26] . Limited studies have reported the potential role of NF-κB in mediating the therapeutic effects of PPI [27] . Therefore, the molecular mechanism of this transcription factor complex involved in the anti-cancer effects of PPI remains undetermined.
Mucin 1 (MUC1) is a heterodimeric transmembrane protein that is aberrantly expressed and plays a central role in malignant transformation and disease evolution, such as cell proliferation, survival, self-renewal, and metastatic invasion [28, 29] . Consequently, MUC1 has been a target for tumor therapeutic approaches. Reports have demonstrated the prognostic value of MUC1 detection in patients with various types of cancer [30, 31] . A study also showed that high MUC1 expression in primary prostate tumor and/or lymph node metastases correlated with unfavorable tumor features and patient survival [32] . We previously showed that solamargine, a major steroidal alkaloid glycoside purified from Solanum nigrum L., inhibited the growth of CRPC cells via AMP-activated protein kinase alpha (AMPKα)-mediated inhibition of the NF-κB subunit p65, followed by the reduction of MUC1 expression both in vitro and in vivo [33] . These findings indicated the potential role of this molecule in the occurrence and progression of prostate cancer. Limited information is available on the association between HOTAIR and MUC1; however, other studies have reported on the involvement of the links of HOTAIR and MUC1 to NF-κB were found in oncogenic signaling pathways and tumor progression [34, 35] .
In the present study, we further demonstrated that PPI inhibited the growth of CRPC cells via inhibition of NF-κB/p65 protein expression and concomitant reduction of HOTAIR expression, hence the suppression of MUC1 expression.
Materials and Methods

Reagents and cell culture
Monoclonal antibodies specific to the NF-κB subunits p65 and p50 were purchased from Cell Signaling Technology Inc. (Beverly, MA, USA). Anti-MUC1 antibody, which detects full-length MUC1 and the 17 kDa C-terminal subunit (subunit beta), was provided by Abcam (ab109185, Cambridge, MA, USA). Lipofectamine 3000 was supplied by Life Technologies (AB & Invitrogen, Carlsbad, CA, USA). PPI was purchased from Chengdu Must Biotechnology (Chengdu, China). The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) power was purchased from Sigma-Aldrich (St. Louis, Mo, USA). The cell cycle staining kit was supplied by MultiSciences Biotech Co. (Hangzhou, China). Geneticin (G-418 Sulfate) was purchased from Life Technologies (Grand Island, NY, USA). D-luciferin was provided by PerkinElmer (Waltham, MA, USA). The CRPC cell lines DU145 and PC3 were obtained from the Chinese Academy of Sciences Cell Bank of Type Culture Collection (Shanghai, China). Cells were grown in an F-12K (1:1) medium (Life Technologies, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 µg/mL streptomycin, and 100 U/mL penicillin. The DU145-Luc medium was added with G-418 sulfate at a concentration of 300 μg/mL. When the cells reached 70%-75% confluence, they were digested with 0.25% trypsin for passage for subsequent experiments. PPI was dissolved in a small amount of dimethylsufoxide [DMSO, maximum concentration, 0.1% (v/v)], which was then added to complete the cell culture medium. Cells treated with vehicle only (DMSO, 0.1% in medium) served as the control. 
Cell viability assay
Cell viability was measured using the MTT method as described in a previous study [36] . The CRPC cells were seeded into a 96-well plate at 5×10 3 cells/well and incubated at 37 °C with 5% CO 2 for 24 h before they were treated with increasing concentrations of PPI for up to 72 h. In separate experiments, CRPC cells were transfected with the control, pCMV6-MUC1 for 24 h before the cells were exposed to PPI for an additional period of 24 h. Absorbance at 570 nm was determined using the ELISA reader (PerkinElmer, VICTOR X5, Waltham, MA, USA) to estimate MTT-formazan production after incubation for 24, 48, and 72 h. Cell viability (%) was calculated as follows: (absorbance of test sample/absorbance of control) × 100%. Combination-induced synergy was analyzed and expressed as a combination index (CI) by using CompuSyn (ComboSyn, Inc., Paramus, NJ, USA), following the method developed by Chou and Talalay [37] .
Cell cycle analysis
This procedure was conducted as described in a previous study [38] . Cells were cultured in 6-well culture plates at 3×10 5 cells/well and then treated with increased doses of PPI for 24 h. The cells were washed and resuspended in PBS and then incubated with 0.05 mg 0.1% sodium citrate containing propidium iodide and 50 μg RNase for 1 h at room temperature. The cells were washed and subjected to FACSCalibur flow cytometric analysis (FC500, Beckman Coulter, FL, USA), and the proportions of cells within the G0/G1, S, and G2/M phases of the cell cycle were analyzed using the MultiCycle AV DNA Analysis software (Phoenix Flow Systems, Inc. San Diego, CA, USA).
Transient transfection assays
The procedure was conducted as described in a previous study [39] . Cells were seeded at a density of 2.5×10 5 cells/well in 6-well dishes and grown to 60% confluence. For each well, 2 µg of the control or wild-type pEZX-PG04-HOTAIR, or MUC1 promoter constructs (purchased from GeneCopoeia, Inc., Rockville, MD, USA) with or without 0.2 µg of the internal control secreted alkaline phosphatase (SEAP) were cotransfected into the cells with Lipofectamine 3000. The preparation of cell extracts and measurement of luciferase activities were determined using Secrete-Pair Dual Luminescence Assay Kit (GeneCopoeia, Inc., Rockville, MD, USA) and was normalized with SEAP activity within each sample. In a separate experiment, 2 µg of the control (pCMV6) and expression constructs of human HOTAIR and MUC1 genes obtained from OriGene Technologies, Inc. (Rockville, MD, USA), and the control (pCMV4) and p65 overexpression vectors obtained from Addgene (Plasmid #21966, Cambridge, MA, USA) [40] at a final concentration of 2 µg/mL were transfected into the cells with Lipofectamine 3000. Cells were incubated for 24 h at 37 °C and then treated with PPI with or without enzalutamide for the indicated time for all other experiments.
Quantitative real-time PCR (qRT-PCR)
Total RNA from cells was extracted using TRIzol Reagent (Invitrogen), and cDNA was synthesized with M-MLV Reverse Transcriptase (Promega, Madison, WI, USA). The primers used in this study were designed as follows: MUC1 forward 5′-ACGTCAGCGTGAGTGATGTG-3′; reverse 5′-GACAGACAGCCAAGGCAATG-3′; HOTAIR forward 5′-GGTAGAAAAAGCAACCACGAAGC-3′; HOTAIR reverse 5′-ACATAAACCTCTGTCTGTGAGTGCC-3′; GAPDH forward 5′-AAGCCTGCCGGTGACTAAC-3′; reverse 5′-GCGCCCAATACGACCAAATC -3′. QRT-PCR was performed in a 20 μL mixture containing 2 μL of the cDNA preparation, 10 μL 2×SYBR Green Premix ExTaq, and 10 μM primers on an ABI 7500 Real-Time PCR System (Applied Biosystems, Grand Island, NY, USA). The PCR conditions were as follows: 10 min at 95 °C followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. Each sample was tested in triplicate. Threshold values were determined for each sample/primer pair, and the average and standard errors were calculated. The relative expression levels of MUC1 and HOTAIR were normalized to that of GAPDH. The data were analyzed using the comparative threshold cycle (2 −ΔΔCT ) method.
HOTAIR siRNA transfection HOTAIR small interfering RNA (HOTAIR siRNA) and "scramble" siRNA (control siRNA) were purchased from GenePharma (GenePharma, Shanghai, China). The target sequences for HOTAIR siRNAs were as follows: si-HOTAIR1, 5′-GCCUUCCUUAUAAGCUCGU-3′, 5′-ACGAGCUUAUAAGGAAGGC-3′; si-HOTAIR2, 5′-CAAUAUAUCUGUUGGGCGU-3′ , 5′-ACGCCCAACAGAUAUAUUG-3′; si-HOTAIR3, 5′-GGAAGCUCUUGAAGGUUCA-3′, 5′-UGAACCUUCAAGAGCUUCC-3′. Cells (2 × 10 
Western blot analysis
The procedure was conducted as described in a previous study [36] . Whole cell lysates either from cytosol or nuclear portions, or both containing the same amount of protein were separated on SDS polyacrylamide gels. Isolation of cytoplasmic and nuclear portions was conducted using the Nuclear and Cytoplasmic Protein Extraction Kit according to the instructions provided by the manufacturer (Beyotime Institute of Biotechnology, Shanghai, China). Membranes (Millipore, Billerica, MA, USA) were incubated with p50, p65, and MUC1 (1:1000) antibodies for 2 h, washed and incubated with a secondary antibody raised against rabbit IgG conjugated to horseradish peroxidase (1:3000, Cell Signaling, Beverly, MA, USA), and transferred to a freshly prepared enhanced chemiluminescence solution (Immobilon Western; Millipore, Billerica, MA, USA). The signals were documented using the Gel Imagine System (Bio-Rad, Hercules, CA, USA). The software Image J (NIH, Bethesda, MD, USA) was used to compare the gray values between the proteins of interest and the internal control.
Prostate xenograft tumor model
Animal studies were performed according to the protocols approved by the Institutional Animal Care and Use Committee of Guangdong Provincial Hospital of Chinese Medicine (Ethics Approval Number 2017037) and the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978). A total of 32 female nude mice (aged 4-6 weeks) purchased from Beijing Vital River Experimental Animal Co. Ltd. (Beijing, China) were maintained at the Animal Center of Guangdong Provincial Hospital of Chinese Medicine in a specific pathogen-free environment, with food and water provided. DU145 prostate cancer cells carrying the luciferase report gene (DU145-Luc, obtained from Guangzhou Land Technology Co., Guangzhou, China) (1×10 6 cells) in 100 µL PBS were implanted via subcutaneous injection into the flanks of the mice. Xenografts were allowed to grow for over 1 week when the initial measurement was made with calipers. Mice were randomly divided into the control, PPI (3 mg/kg) [15] , enzalutamide (10 mg/kg) [41, 42] or combination groups, which were given once a day via intraperitoneal injection for up to 27 days (n=8/group).
For bioluminescence imaging (BLI), mice were anesthetized by inhalation of 2% isoflurane and substrate D-luciferin (Caliper Life Sciences, Hopkinton, MA, USA) was injected into the peritoneal cavity with a dose of 150 mg/kg in approximately 100 µL solution. The intensity of the BLI signal was determined using the IVIS-200 Imaging System (Xenogen/Caliper, Alameda, CA, USA). Tumor volume measurements were calculated using the formula for an oblong sphere: volume = (width 2 × length)x2. Quantification of bioluminescence was reported as photons/sec. The body weights of the mice were measured once a week. All mice were euthanized on day 27 in accordance with the Guide for the Care and Use of Laboratory Animals. The tumors were excised from the site of injection and processed for p65 and MUC1 proteins and HOTAIR expression levels by Western blot and qRT-PCR, respectively.
Statistical analysis
All data were expressed as mean ± SD of 3 independent experiments. Differences between groups were assessed by 1-way ANOVA, and the significance of differences between particular treatment groups was analyzed using Tukey's Multiple Comparison Test for multiple comparisons involved using GraphPad Prism version 5.0 (GraphPad Software, Inc. La Jolla, CA , USA). The results in most graphs were presented relative to the control. Asterisks in figures indicate significant differences in experimental groups, compared with the corresponding control condition. Statistical significance was set at P value < 0.05.
Results
Combination of PPI and enzalutamide further inhibited growth and induced cell cycle arrest of human CRPC cells
Previous studies, including ours, showed that PPI inhibited growth and induced cell cycle arrest, and apoptosis of human cancer cells [12, 14, 15] . In the current study, we examined the potential synergy of the combination of PPI and enzalutamide in this process. We found that while enzalutamide alone exerted a slight effect, the combination of PPI and enzalutamide further inhibited growth in the human CRPC cells PC3 and DU145 by MTT assay (Fig. 1A) . The CI values were 0.49110 and 0.54560 in PC3 and DU145 cells, respectively, which indicated moderate synergy. Subsequently, in examining the nature of cell cycle arrest, we observed that the combination of PPI and enzalutamide for 24 h led to a further decrease in the proportion of cells at G0/G1 phases, relative to that of PPI alone (Fig. 1B) as detected by flow cytometry. Concomitantly, the population of PC3 and DU145 cells at the S phase was significantly induced after treatment with PPI alone and in combination with enzalutamide (Fig. 1B) . These results suggested that the combination of PPI and enzalutamide exerted enhanced effects on inhibiting the proliferation of CRPC cells.
PPI decreased the protein expression levels of p65 and lncRNA HOTAIR
We searched for potential molecular targets that might be involved in the inhibitory effect of PPI with or without enzalutamide on cell growth. Given the tumor promoter roles of NF-κB [25, 26] and LncRNA HOTAIR [20, 21] , we evaluated the effects of PPI with or without enzalutamide. We showed that PPI decreased NF-κB subunit p65 protein expression ( Fig.  2A) and HOTAIR levels in PC3 and DU145 cells (Fig. 2B) . As expected, the combination of PPI and enzalutamide further reduced p65 protein mainly in the cytoplasm; however, a similar effect was also observed in the nuclear area (Fig. 2C ) and HOTAIR levels in PC3 and DU145 cells (Fig. 2B) . Notably, silencing of HOTAIR was found to reduce cell growth in PC3 and DU145 cells (Fig. 2D) . We further examined the interaction between p65 and HOTAIR and observed that while silencing of HOTAIR exerted no effect on p65 and p50 proteins (Fig.   Fig. 1 . Combination of PPI and enzalutamide further inhibited growth and induced cell cycle arrest of human CRPC cells. A, CRPC cells PC3 and DU145 were treated with PPI (1.2 μM) in the presence or absence of enzalutamide (30 μM) for up to 48 h. Afterwards, the cell viability and the potential synergy of PPI and enzalutamide were determined using the MTT assay and the Chou-Talalay method expressed as CI values as described in the Materials and Methods section, respectively. B, CRPC cells PC3 and DU145 were treated with PPI (1.2 μM) in the presence or absence of enzalutamide (30 μM) for up to 48 h. The cells were collected and processed for analysis of the cell cycle distribution. Cell cycle was analyzed by flow cytometry after propidium iodide (PI) staining, and the percentages of the cell population in each phase (G0/G1, S and G2/M) of cell cycle were analyzed by Multicycle AV DNA Analysis Software. Data are expressed as a percentage of total cells. Values are given as the mean ± SD from three independent experiments and expressed as a percentage of total cells. *indicates significant difference as compared to the untreated control group (P<0.05). **indicates significant difference from the PPI treated alone (P<0.05).
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3A), overexpression of p65 resisted the effect of PPI on HOTAIR expression (Fig. 3B) . By contrast, exogenously expressed HOTAIR exerted no significant effect on PPI-reduced p65 (Fig. 3C ). High expression of HOTAIR following transfection was observed, as determined by qRT-PCR (Fig. 3C ). This result indicated that the combination of PPI and enzalutamide further inhibited p65 protein and HOTAIR levels; more importantly, p65 regulated HOTAIR expression and the regulatory loop of p65 and HOTAIR contributed to the effects of PPI in this process.
PPI decreased protein, mRNA expression, and promoter activity of MUC1 by repression of p65 and HOTAIR
We further explored the functional relevance of p65 and HOTAIR expressions and the potential downstream target. We evaluated the role of MUC1, a tumor promoter and oncogenic factor reported to be highly expressed in prostate cancer [32] . We found that PPI decreased protein, mRNA levels, and the promoter activity of MUC1 in PC3 and DU145 cells (Figs. 4A-4C ). As expected, the combination of PPI and enzalutamide further reduced MUC1 protein expression (Fig. 4D) . Given the decreases in p65 and HOTAIR, we determined the roles of p65 and HOTAIR in MUC1 regulation in this process. We showed that overexpressed p65 resisted PPI-reduced MUC1 protein expression (Fig. 5A) . Interestingly, while silencing of HOTAIR inhibited MUC1 (Fig. 5B) , excessive expression of HOTAIR neutralized the PPIinhibited MUC1 protein expression (Fig. 5C ) and promoter activity (Fig. 5D) . Together, these results indicated that p65 and HOTAIR were upstream of MUC1 and that reductions in the expression levels of p65 and HOTAIR were involved in the inhibition of MUC1 expression affected by PPI.
Exogenously expressed MUC1 antagonized PPI-inhibited cell growth but exerted no effect on NF-κB/p65 and HOTAIR
To further gain insight into the molecular mechanism by which the interactions among NF-κB/p65, HOTAIR, and MUC1 contributed to the overall response of PPI in this setting, we transfected the MUC1 expression plasmids into the cells. As shown in Figures 6A-6B,   Fig. 4 . PPI decreased protein, mRNA expression, and promoter activity of MUC1. A, PC3 and DU145 cells were exposed to increased concentrations of PPI for 24 h. Afterwards, the expression of MUC1 protein were detected by Western blot. B, PC3 and DU145 cells were exposed to PPI (1.6 µM) for 24 h, followed by measuring the mRNA levels of MUC1 by qRT-PCR. C, PC3 and DU145 cells were transfected with the wild type human MUC1 promoter reporter construct ligated to the luciferase reporter gene and the internal control for 24 h, followed by treating with PPI for an additional 24 h. Afterwards, the promoter activities were determined using the Secrete-Pair Dual Luminescence Assay Kit as described in the Materials and Methods section. D, PC3 and DU145 cells were treated with PPI (1.2 μM) in the presence or absence of enzalutamide (30 μM) for up to 24 h. Afterwards, MUC1 protein expression was examined by Western blot. Values in bar graphs were given as the mean ± SD from three independent experiments. *indicates significant difference as compared to the untreated control group (P<0.05). **indicates significant difference from the PPI treated alone (P<0.05). and DU145 were transfected with the control or HOTAIR expression vectors, the wild type human MUC1 promoter reporter construct ligated to the luciferase reporter gene, and the internal control secreted alkaline phosphatase for 24 h, followed by treating with PPI for an additional 24 h. Afterwards, the promoter activities of MUC1 gene were determined using the Secrete-Pair Dual Luminescence Assay Kit as described in the Materials and Methods section. Values in bar graphs were given as the mean ± SD from three independent experiments performed in triplicate. *indicates significant difference as compared to the untreated control group (P<0.05). **indicates significant difference from the PPI treated alone (P<0.05).
Fig. 6.
Exogenously expressed MUC1 antagonized PPI-inhibited cell growth but exerted no effect on NF-κB/p65 and HOTAIR. A, PC3 and DU145 cells were transfected with the control or MUC1 expression vectors for 24 h before exposure of the cells to PPI for an additional 24 h. Afterwards, the p65 and MUC1 expression levels were examined by Western blot. B-C, PC3 and DU145 cells were transfected with the control or MUC1 expression vectors for 24 h before exposure of the cells to PPI for an additional 24 h. Afterwards, the expression levels of HOTAIR and the cell viability were determined using the qRT-PCR and MTT assays as described in the Materials and Methods section. Inserts in B and C were the protein levels of MUC1 as determined by Western blot. Values in bar graphs were given as the mean ± SD from three independent experiments performed in triplicate. *indicates significant difference as compared to the untreated control group (P<0.05). **indicates significant difference from the PPI treated alone (P<0.05).
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overexpression of MUC1 exerted no effect on p65 and HOTAIR expression affected by PPI. However, exogenously expressed MUC1 could resist PPI-reduced cell growth (Fig. 6C) . The aforementioned findings further implied that NF-κB/p65 and HOTAIR were upstream of MUC1 and that reduction of MUC1 was required in mediating the inhibitory effect of PPI on CRPC cell growth.
Xenograft tumor model
To extend these results obtained from in vitro experiments, we evaluated the effect of PPI with or without enzalutamide in a prostate cancer xenograft mouse model. Mice bearing xenograft CRPC were treated with the control, PPI (3 mg/kg) [15] , enzalutamide (10 mg/ kg) [41, 42] or the combination treatment, given once a day via intraperitoneal injection for up to 27 days (n=8/group), followed by intraperitoneal injection of D-luciferin. Compared with the control group, the PPI-treated mice demonstrated significant growth inhibition as assessed using the Xenogen IVIS200 System (Fig. 7A) . Even greater growth inhibition was observed in the combination treatment group (Fig. 7A) . In addition, we found significant reductions in tumor weight and size (volume) in the PPI-treated group relative to that in the control group (Figs. 7B-7D ). Greater reductions in tumor weight and size were observed in the combination treatment group (Figs. 7B-7D ). Moreover, consistent with the results from the in vitro data, reductions in the expression levels of p65, MUC1, and HOTAIR in fresh given by intraperitoneal injection for up to 27 days. A, The xenografts were assessed by in vivo bioluminescence imaging at the fifth and end of the experiments (on day 5 and 27, resectively). The tumor growth was monitored by injecting D-luciferin in the mice followed by measuring bioluminescence and analyzed as described in the Materials and Methods section. Representative images are shown. B and C, The xenografts were harvested on day 27, and the size and weight of tumors were measured. The bar graphs represented the tumor weight and size of mice results expressed as mean ± SD. D, The photographs of PPI, or enzalutamide alone and PPI plus enzalutamide, and vehicle-treated xenografts derived from nude mice are shown. E-F, At the end of the experiments, xenografted tumors were isolated from the individual animals and the expressions of p65, p50 and MUC1 proteins and HOTAIR were detected by Western blot and qRT-PCR as described in the Materials and Methods sections. GAPDH was used as loading control for Western blot. Values in bar graphs were given as the mean ± SD from three independent experiments. *indicates the significant difference from untreated control (p<0.05). **indicates significant difference from PPI treated alone (P<0.05) . G, The diagram shows that PPI inhibits the growth of CRPC cells via a reduction in p65 protein levels and concomitant inhibition of lncRNA HOTAIR. These actions lead to the suppression of MUC1 gene expression. The novel regulatory interaction of p65 and HOTAIR also converges in the inhibition of MUC1 expression and the overall response of PPI. The combination of PPI and enzalutamide exhibits synergy. 
Discussion
Despite advances in diagnosis and management, morbidity from prostate cancer remains high, particularly for the CRPC type. In recent years, newer agents have been introduced, targeting some of these mechanisms of resistance to provide better survival. These agents include AR signaling inhibitors, such as enzalutamide and abiraterone acetate, a cytochrome P450 17A1 inhibitor. However, these agents can eventually fail to control patients with CRPC because of both de novo and acquired resistance [43] . Several studies showed that natural medicine such as PPI could be considered as a potential agent for the treatment of cancer in humans. However, the current data were limited, and the exact mechanisms involved in the anti-cancer activities of PPI had not been well elucidated. In the present study, significant cell growth inhibition in CRPC cells was demonstrated, and an even greater response to PPI combined with enzalutamide was observed. These findings suggested the possibility of the anti-prostate cancer activity of PPI. In this study, the PPI concentrations found to inhibit cell growth and induce cell cycle arrest in a dose-dependent manner were consistent with those of other studies, or even lower, without toxicities [27, 44, 45] . Mechanistically, our results indicated that inhibition of p65 protein and concomitant reduction of HOTAIR expression result in the suppression of MUC1 gene expression; all of these processes were involved in the inhibition of CRPC cell growth by PPI with or without enzalutamide.
Our study demonstrated the roles of p65 and HOTAIR inhibition in mediating the effect of PPI. As a critical transcription factor, constitutive NF-κB activity was observed in a larger number of human cancers and promoted growth and progression, including that in prostate cancer [25, 26, 46] . In addition, HOTAIR expression was associated with induced proliferation and aggressive behavior of cancer cells, resulting in poor prognosis [19] [20] [21] . Thus, targeting NF-κB/p65 and HOTAIR may provide therapeutic benefits for patients with malignancies, including prostate cancer. Our results also implied the potential interaction and regulatory loop of p65 and HOTAIR. In line with this, studies have revealed connections between these 2 molecules [35, 47, 48] . One study demonstrated that HOTAIR positively induced phosphorylation of p65 and activation of NF-κB and that production of HOTAIRinduced tumor necrosis factor alpha (TNF-α) was blocked by the NF-κB inhibitor. This finding suggested that NF-κB/p65 was involved in the production of HOTAIR-induced TNF-α in cardiomyocytes in a lipopolysaccharide-induced mouse model [47] . In addition, knockdown of HOTAIR inhibited growth and induced cell cycle arrest and apoptosis in vitro partly via the NF-κB signaling pathways in large B cell lymphoma cells [48] . Our findings provided a novel insight into the relation between NF-κB/p65 and HOTAIR affected by PPI, as well as emphasized the tumor promoter roles of NF-κB/p65 and HOTAIR involved in the anti-tumor effects of PPI. Further studies need to be conducted to elucidate the physical interaction between p65 and HOTAIR by using methods such as chromatin immunoprecipitation-qRT-PCR or/and RNA immunoprecipitation assays.
Our results also suggested that inhibition of p65 and HOTAIR contributed to the PPIinhibited expression of the MUC1 gene. As an oncogenic factor, overexpressed MUC1 was observed in several epithelial cancers, including prostate cancer [32, 49] . The regulation and interaction between p65 and MUC1 were also demonstrated in other studies [34, 50, 51] . By binding to the promoter regions, the MUC1/NF-κB complex could promote certain gene expression in different cancer cells [34, 52] . Thus, targeting NF-κB and MUC1 could be involved in the anti-cancer mechanism of PPI. Notably, no studies on the potential connection between HOTAIR and MUC1 have thus far been reported. Therefore, how HOTAIR regulates MUC1 expression has yet to be determined. Our results implied that HOTAIR, as an upstream regulator, controlled MUC1 expression. More experiments need to be conducted Our data demonstrated a potentially synergistic inhibitory effect of the combination of PPI and enzalutamide on CRPC cell growth and relevant molecular targets. Enzalutamide combined with other agents exhibited even greater inhibitory effects on CRPC cells via multiple molecular mechanisms [53] [54] [55] [56] . In addition, PPI was reported to reverse epithelialmesenchymal transition, decrease the expression levels of interleukin-6 and signal transducer activator of transcription 3 (STAT3) in the epidermal growth factor receptor tyrosine kinase inhibitor erlotinib-resistant lung cancer cells. This enhanced the effect of erlotinib on lung tumor growth both in vitro and in vivo. Thus, combined PPI and erlotinib strengthened drug response and provided a novel therapeutic for patients with lung cancer [57] . Our findings suggested that PPI sensitized or enhanced the effect of enzalutamide on controlling CRPC cell growth or vice versa by targeting p65, HOTAIR, and MUC1 regulatory signaling axis, implying a potential synergy between PPI and enzalutamide in anti-androgen-resistant ways. This finding also emphasized an intriguing therapeutic target for the treatment of CRPC in the clinical setting. Regardless, future studies are required to explore the in-depth mechanism of these combination effects on the inhibition of prostate cancer growth.
Moreover, our in vivo data were consistent with the findings in vitro, verifying the effect of PPI combined with enzalutamide on the inhibition of prostate cancer growth and the regulation of p65, MUC1 protein, and HOTAIR expression. The given doses of PPI and enzalutamide were similar to the doses in other studies demonstrating substantial anti-tumor effects in the inhibition of various cancer, including CRPC [15, 41, 42] . Future studies still need to be conducted to elucidate the precise role of MUC1 by using stable cells transfected with expression vectors containing the coding region of the MUC1 gene in the nude mice model. In summary, our results indicate that PPI inhibits the growth of CRPC cells via a reduction in p65 protein levels and concomitant inhibition of lncRNA HOTAIR. These actions lead to the suppression of MUC1 gene expression. The novel regulatory interaction of p65 and HOTAIR also converges in the inhibition of MUC1 expression and the overall response of PPI. The combination of PPI and enzalutamide exhibit synergy. This study reveals a novel mechanism for the regulation of MUC1 gene expression in response to PPI with or without enzalutamide and proposes a strategy for a CRPC-associated therapy.
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